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Online flow cytometric monitoring of microbial water quality
in a full-scale water treatment plant
Benjamin Buysschaert1,2, Lotte Vermijs1, Agathi Naka1, Nico Boon1 and Bart De Gusseme1,2
The ever-increasing need for high-quality drinking and process waters, and growing public awareness about possible
contamination, drive efforts for the further development of automated control of water treatment plants. For example, membrane
filtration processes and reverse osmosis in particular are generally regarded as a safe barrier for inorganic, organic, and microbial
contamination. Yet, to ensure the final water quality and to increase the confidence of the end-user, intensive and preferably online
monitoring should be further implemented as an early-warning tool to control membrane integrity and to prevent microbial
regrowth in the distributing network. In this paper, we test the applicability of flow cytometry and cytometric fingerprinting for a
full-scale water treatment plant. We demonstrate in a full-scale water treatment plant that flow cytometry can be used as online
monitoring tool and that changes in water quality can be observed, which are not monitored by commonly used online quality
parameters. Furthermore, we illustrate with ultrafiltration that process conditions impact the flow cytometric cell counts.
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INTRODUCTION
Bacteria in water are an important aspect of the water quality and
may, when present in too high concentrations, lead to biofouling,
microbiologically induced corrosion or even the spreading of
pathogens. A close and online monitoring of the microbial quality
of the water is thus a necessary tool to improve water quality and
to reduce downstream costs or to mitigate health hazards. One of
the main challenges is the unwanted growth of biofilms on
surfaces known as biological fouling,1 which occurs mainly in
recirculating systems such as cooling towers. Especially open
cooling water systems provide a favorable environment for
microorganisms because they scrub microorganisms from the air
and concentrate the nutrients present in remaining water by
evaporation, resulting in faster microbial growth.2 Biofilms can
damage equipment through microbial induced corrosion (MIC), by
clogging, and lead to an increased energy consumption due to
decreased heat transfer.3,4 Biofouling and clogging leads to an
increased pressure drop in ion exchangers and to increased
resistance in membrane filters, which may also cause membrane
breakthrough.5 Furthermore, pathogenic bacteria can nestle in
these biofilms and contaminate the water through the natural
shedding cycle of biofilms.6 A well-known example is the
spreading of the pathogen Legionella pneumophila in the form
of aerosols.7,8
Membrane processes such as microfiltration (MF), ultrafiltration
(UF), nanofiltration (NF), and reverse osmosis (RO) are commonly
used in water treatment, including reuse applications.9 MF is
designed to retain most bacteria and suspended solids in the
range of 0.1 to 5 μm. The other methods have pore sizes ranging
between 10 to 100 nm (UF) to pore sizes smaller than 1 nm (NF
and RO) and are, therefore, supposed to retain all bacteria.
However, the passage of microorganisms through filtration
membranes has been reported10 and research has demonstrated
the existence of ultra-small bacteria in water.11,12 Also bacteria
larger than the pore size are able to cross the membranes.10
Possible explanations are abnormalities in the membrane
structure and oversized pores that were considerably larger than
the manufacturers stated nominal pore size. Intensive use of
membranes might lead to an enlargement of the pore sizes, and
incompatible chemical cleaning (e.g., oxidative damage) can cause
pore expansion as well.13,14 In addition, bacteria themselves can
change in size in response to changing environmental condi-
tions15 and may undergo size reduction in nutrient limited
environments.16 The wall of most bacterial cells is not a rigid
structure, but has a high flexibility and elasticity. This deform-
ability, as well as the size of the bacteria, play an important role in
their passage through filtration membranes.17 A last possibility is
related to the breakthrough of membranes due to mechanical or
chemical stress, resulting in the passage of unfiltered water.
Different techniques exist that characterize the aquatic bacteria.
While the most commonly used method in drinking water is the
heterotrophic plate count method (HPC), this method would be
unsuitable for industrial applications due to the long incubation
times and its labor intensive nature.18 A more convenient
technique is the adenosine tri-phosphate (ATP) analysis, which
provides an estimation of the active and viable biomass.19 The
speed, robustness, easiness, and low cost make it a very appealing
technique,20,21 yet ATP analysis is less frequently used than would
be expected.19 A first issue is that ATP quantification is less precise
for the low cell concentrations typically found water.19 Also, ATP
measurements do not make the distinction between intra- and
extracellular ATP. This can significantly alter the results as, in
certain biological matrices, the extracellular ATP concentration can
be several orders of magnitude higher than the intracellular ATP
concentration.19,22 Finally, differences in species, cell sizes, and
physiological states can alter the ATP concentration per cell
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making the conversion from ATP to biomass concentration
difficult.23 Flow cytometry is a fast and robust method to
determine bacterial concentration in liquids. With the use of
appropriate dyes, it can determine viability and activity, similarly
to ATP analysis. The single-cell resolution and the high throughput
of the technique make it robust and by-pass the bias of converting
the output to biomass concentration. In this paper, we applied
online flow cytometry to monitor the microbial communities and
dynamics in a full-scale water treatment plant. The water was
monitored at different stages in the treatment plant. Our results
illustrate the possible application of flow cytometry for microbial
quality assurance and as tool to control membrane filtration
processes.
RESULTS
In the full-scale water treatment plant, the incoming surface water
was monitored after passing through 300 μm self-cleaning
strainers prior to the ultrafiltration step (Fig. 1). Cell concentrations
fluctuated between 5.0*106 and 1.7*108 cells/mL (Fig. 2 b). After
the first and the fourth day of measurement, two tailing peaks in
cell density were observed. Besides the total cell concentration,
also the Hill number diversity indices were calculated (D0, D1, and
D2) according to Props et al.
24 to characterize the dynamics in the
microbial community composition. The two tailing peaks in cell
concentration were reflected in all indices but most clearly in D2
that is most sensitive to the evenness of the abundance of the
operational phenotypes (Supplementary Fig. 1). The Hill number
diversity indices also showed dynamics, which were not clearly
reflected by changes in the cell concentration (Fig. 2 a–d). Neither
the peaks in the cell concentration measured by flow cytometry
nor the peaks in feed water turbidity resulted in an increased
conductivity (Fig. 2c). The conductivity measurements showed a
large variability at the end of the experiments, which is also
reflected in the flow cytometry data.
In a second stage, the surface water was filtered by UF
membranes with 100 nm pore size and the filtrate after UF was
monitored for two different racks. The cell concentration after UF
was approximately 3*104 cells/mL for rack 2 and 2.5*104 cells/mL
for rack 3. Furthermore, a periodic pattern in the cell concentration
was observed on both racks (Fig. 3c, d). For rack 2, a decrease in
the concentrations was observed while for rack 3, an increase in
the cell concentration was observed. These peaks coincide for
both racks with a prolonged chemical cleaning of the membranes,
which is performed by the recirculating a cleaning solution and
characterized by an increased permeability (Fig. 3e, f). The
cleaning procedure typically lasts 1 h and is done with a
concentrated hypochlorite solution. UF rack 3 was chemically
cleaned every 7 h, while UF rack 2 was only cleaned once daily.
The reason for the different cleaning regimes is the age of the
membrane units. The membrane lifetime of rack 3 is over 3 years
while the membranes of rack 2 are only 1 year old. This is also
reflected in the lower permeability of UF rack 3, in average 70 lmh/
bar as compared to 100 lmh/bar for UF rack 2. Aside from chemical
cleaning, short backwashes are programmed regularly as indi-
cated by the frequent drops and surges in permeability every
30min, for both racks. Yet, no effect of the backwashes was
reflected in cell density. The cytometric Hill number diversity
indices (D0, D1, and D2) reflected the decrease in cell density for
rack 2 but also showed a decreasing trend during the measure-
ment period. Also for rack 3, the influence of the cell density on
the cytometric diversity indices could be observed though less
clearly (Fig. 3a, b). Especially for diversity index D2 a clear change is
observed during the measurement period, which is less visible for
diversity index D0 (Supplementary Fig. 2).
Similarly, the cell concentration and the Hill number diversity
indices were monitored over time in the RO permeate water,
which is used as cooling water, and in the recirculated cooling
water return for reuse. A concentration of approximately 5*103
and 104 cells/mL was measured in the RO permeate water (Fig. 4).
The overall bacterial concentration was slightly lower, though
comparable to the cell concentrations found after UF. To confirm
the results, samples were taken manually at different time points
and resulted in a concentration of 8*102 cells/mL and 103 cells/mL.
In the recirculating cooling water a concentration of 107 cells/mL
was measured. For both RO and the recirculation water, no
patterns were found in the cell concentrations. Furthermore, also
no patterns could be discerned from the Hill number Diversity
indices and no relationship could be established between the
microbiological parameters and operational parameters (Supple-
mentary Fig. 3).
Fig. 1 Schematic overview of the water treatment plant with the flow cytometry sampling points
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The bacterial concentration in the surface water measured after
the strainers was, with a baseline concentration of 5.0*106 cells/
mL, representative for surface water.25 A sudden increase and
progressive decrease in the concentration was observed twice and
as the water is pumped from a dock, boats roiling the water and
the sludge near the treatment plant’s water inlet could cause
these sudden changes in cell density. This could not be confirmed
by the turbidity measurements alone as only the first peak in cell
density coincides with peaks in turbidity. No clear explanation
could be found for this discrepancy. This suggests that cell density
is not always correlated to turbidity measurements, and that
conductivity and turbidity alone are not sufficient as parameters
for monitoring the incoming water quality of a membrane
treatment plant. Total organic carbon (TOC) and dissolved organic
carbon (DOC) measurements, for example, are important organic
parameters to measure the load and fouling potential of the
water, together with microbial water quality monitoring. DOC
concentrations were measured periodically and showed seasonal
fluctuations. In average, the concentration fluctuated between
6.07 ± 1.13mg/L. Aside from cell concentrations, flow cytometry
offers the possibility to calculate the Hill number diversity indices,
which showed to be influenced by the cell concentration but
which also reflected the dynamics in de microbial community
composition as demonstrated by Props et al.24 Our results showed
some dynamics in the microbial community, but mainly related to
the sudden increase in cell concentration. In accordance to the
publication of Prest et al.26 also the ratio of bacteria with high
nucleic acid content (HNA) to low nucleic acid content (LNA) could
be calculated for the waters. As demonstrated by Besmer et al.,27
this approach is complementary or equivalent to ours as
illustrated by our results (Supplementary Fig. 4).
Subsequently the water was filtered by UF and concentrations
of approximately 3*104 cells/mL for rack 2 and 2.5*104 cells/mL for
rack 3 were measured. Though the pore size of the racks was
100 nm, not all bacteria in the water could be removed. As
mentioned above, there are several possible explanations for the
occurrence of bacteria after filtration. Aside from an impaired
membrane integrity, also the presence of small bacteria in the
surface water could cause the higher concentrations of bacteria.
Luef et al.12 showed that ultra-small bacteria or ultramicrobiota
can be found in ground water, Ghai et al.28 showed the same for
sea water, and Wang et al.29 demonstrated their presence in
surface water. The range and dispersion of these small bacteria is
still unclear but Ghai, et al.28 estimated their relative abundance to
be ~ 4% while Wang et al.29 estimated their relative abundance to
be ~ 0.2% of the aquatic bacteria. Assuming that all bacteria after
UF are ultra-small bacteria, their relative abundance would be ~
1% for this surface water entering the treatment plant, which is in
accordance with results cited above. The HNA to LNA ratio was
also calculated and shows that the UF filtrate contained
predominantly LNA bacteria, which is also in accordance to what
could be expected from ultra-small bacteria (Supplementary Fig.
5). However, to proof this, confirmation with molecular techniques
and microscopy is necessary. The membrane cleaning with a
concentrated hypochlorite solution showed to have a different
effect on the detection of bacteria for both membranes (Fig.
3b–e). While a decrease in the concentration was observed for
rack 2, an increase in the cell concentration was observed for rack
3. Hypochlorite, an oxidizing agent, bleaches fluorochromes such
as SG, making the bacteria undetectable with flow cytometry,
which explains the results for UF rack 2. Despite the cleaning,
filtration units get dirtier over time and an accumulation of
organic compounds, inorganic precipitates, and biofilms reduces
the overall efficiency of the filtration unit and increases the need
for maintenance as for rack 3. Because of the higher degree of
fouling on UF rack 3, we hypothesize that, during the chemical
cleaning, the accumulated organics react much more with the
hypochlorite than compared with the cleaning of a much younger
and cleaner membrane unit like rack 2. As a consequence, less or
no free chlorine is available to bleach SG or to kill bacteria. As
bacteria detach from the membranes and the pipes during the
chemical cleaning, even an increase in the cell concentration is
visible in the recirculating cleaning solution.
In the RO permeate, the bacterial concentration fluctuated
between 5*103 and 104 cells/mL, which is slightly lower, though
Fig. 2 Online measurements on surface water. Flow cytometric Hill
number diversity D2 expressed in arbitrary units (a), the correspond-
ing bacterial concentration [cells/mL] (b), the turbidity [NTU] (c), and
conductivity [µS/cm] (d) for surface water in function of time. The
surface water was strained with 300 µm sieves prior sampling. Both
the bacterial concentration and the diversity index D2 were
calculated on the flow cytometry data. The sampling, staining, and
incubation was fully automated. During the measurement period,
the bacterial concentration increased twice. This increase was not
observed in the either the turbidity or the conductivity that are
typically used to monitor the water quality online. The diversity
indices changed in function of the increased bacterial concentration
but also revealed dynamics, which could not be explained by any of
the measured parameters. It is hypothesized that this reflects the
dynamics of the taxonomic microbial community composition24
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comparable to the cell concentrations found after UF. The Hill
number diversity indices or the HNA to LNA ratio also showed no
noteworthy changes, which can be related to the short measure-
ment period (Supplementary Figs. 3 and 6). In contrast to UF, it is
unlikely that bacteria would pass through the membranes with
pores smaller than 1 nm unless membranes are impaired.
Dewettinck et al.30 and Kumar et al.31 reviewed the importance
of membrane integrity monitoring for RO membranes and
reported that challenge tests resulted in a log removal value
(LRV) for bacteria between 2.9 and 5.4. Considering that the
bacterial concentration in the RO concentrate can mount up to
106 CFU/mL,32 we estimate the bacterial concentration to be 108
cells/mL, assuming that only 1% of the bacteria can be
cultured.20,32 The cell concentration we measured after RO would
then result in a LRV of four, which is in accordance to what was
reported before.31 An alternative hypothesis for the presence of
bacteria after RO filtration could be related to the regrowth of
bacteria in the distribution system due to the presence of organic
carbon in the permeate and the subsequent shedding of bacteria
from biofilms formed on the permeate side of the filter units.
Indeed, periodic analysis of the DOC concentration in the RO
permeate showed an average concentration of 0.47 ± 0.23mg/L
DOC. These results, however, do not indicate whether the DOC
passed the RO membranes or is the result of leaching from the
plastic RO permeate piping (Supplementary Fig. 5). Tang33
reported the presence of biofilms at the permeate side of RO
membranes in dairy industry but, to our knowledge, no reports of
biofilms on the permeate side of RO membranes have been
published in the field of water treatment. To measure a
concentration of 104 cells/mL in the bulk water, an estimated
biofilm density of 107 cells/cm² is required considering that the RO
module comprised 126 filter units, and assuming a biofilm growth
rate of 0.03 per day.34 This biofilm density appears possible when
comparing it to the biofilm density in drinking water distribution
Fig. 3 Online measurements of UF filtrate. Flow cytometric Hill number diversity D2 expressed in arbitrary units (a, b) and the bacterial
concentration [cells/mL] (c, d) of the UF filtrate in function of time. Both parameters were acquired with flow cytometry where the sampling,
staining, and incubation was fully automated. Results are shown for UF rack 2 (left) and rack 3 (right). Both the cell concentration and the
diversity D2 show different dynamics for rack 2 and rack 3. The main difference between the racks is their age and operation, which is reflected
by the permeability [lmh/bar] (e, f). Rack 2 is relatively new and has a permeability of 100 lmh/bar while rack 3 is older and has a permeability
of approximately 70 lmh/bar. Cleaning cycles for 1 h were performed daily for rack 2 and every 7 h for rack 3. Intermittently also backwashes
were programmed
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systems.35 Finally, a possible contamination of the sampling line
and sampling port cannot be excluded but manually sampled
controls resulted in similar concentrations and suggest the
absence of contamination in, e.g., the tubing.
A bacterial concentration of approximately 107 cells/mL was
measured for the recirculation water, which is likely caused by
microbial regrowth after recirculation in the open cooling tower.
For all stages in the water treatment plant, flow cytometry
showed that bacteria were present in concentrations above the
expected level. Membrane processes commonly used for water
production and reuse applications cannot be expected to produce
pure and sterile water as small particles and molecules can pass
through the membranes in several ways as discussed above.
Routine membrane integrity tests are thus necessary to ensure the
proper functioning of the membranes. Direct integrity tests such
as the pressure decay test, which measures the rate of decline of
pressure across a membrane require the membrane unit to be
offline. Therefore, indirect methods are chosen for continuous
online monitoring during production. Turbidity is an example of
such an indirect test but we show here that it is not sufficient to
monitor the microbial quality of the water. Based on our findings,
we argue that cell concentrations, measured with flow cytometry,
give additional information about the water quality, which other
online techniques cannot provide. In this respect, flow cytometry
could be used as a method to control process operation.
Furthermore, it can serve as a tool to understand and control
bacterial regrowth in the distribution networks and closed cooling
circuits in order to ensure the final water quality for the end-user.
Our results also showed that cytometric fingerprints, in the form of
Hill number diversity indices, reflected the most important
changes in cell concentrations but also showed additional
dynamics, which are probably related the microbial community
composition. The changes in community composition could not
be confirmed in this paper. More variation should be expected
over longer periods of time (i.e., months) as research has shown
that fresh water communities also exhibit important seasonal
community composition fluctuations.36
To conclude, we showed that flow cytometry is a good method
to monitor fresh water communities online and automatically. We
demonstrated in a full-scale water treatment plant that bacteria
are present after every filtration step, even RO, and that bacterial
concentrations in the water are directly related to process
operations. For example, we showed that prolonged and chemical
membrane cleaning can lead to an increase of bacterial
concentrations in the recirculating cleaning solution, while back-
washing did not affect the cell concentration in the filtrate water.
As bacterial concentrations and the Hill number diversity indices
gave a better insight in the microbiological dynamics than, e.g.,
turbidity measurements alone, we suggest that online flow
cytometry could be used to indirectly monitor the membrane
integrity and the changed microbial quality in the final water.
METHODS
Online measurements
Online flow cytometry (FCM) measurements were performed at an
industrial water treatment plant (Fig. 1). At this production site, four
different water qualities are produced from brackish surface water
(Rodenhuizendok, Port of Gent, Belgium). During a first measuring period
of 6 days, surface water was monitored after pre-filtering through 300 μm
strainers. During a second period of 7 days, the UF filtrate was measured
continuously. The UF racks are built each with 40 Microza hollow fiber UNA
modules (Pall) with a pore size of 100 nm. UF rack 1 and 2 have 1-year-old
membrane modules, while UF rack 3 has membrane modules of more than
3 years. In addition to frequent backwashing, all UF racks are chemically
cleaned by regularly recirculating a concentrated NaOCl solution during
one hour. Based on the membrane permeability, the cleaning frequency is
regulated by operator defined settings. In this case, the frequency for UF
rack 2 was approximately every 24 h while for UF rack 3 it was every 7 h
due to the lower average membrane permeability (older membrane age).
RO1D produces 90m³/h single-pass RO permeate, using BW30XFR-400/34i
brackish water membranes (Dow) in an two-stage configuration. The
system is working at an 75% recovery rate, resulting in a < 100 μS/cm
demineralized water quality, fit-for-use as cooling water. The cooling tower
has an 1500m³ open buffer, susceptible to contamination. After seven to
eight times thickening, the cooling water ( < 800 μS/cm) is continuously
discharged at about 7.5 m³/h from the tower and reused again as feed
water for the UF in the water treatment plant (cooling water return).
Flow cytometry
Instrumentation and staining. An OnCyt© staining robot (Oncyt, Switzer-
land) coupled to an BD Accuri C6 Plus flow cytometer (BD Biosciences), as
described by Besmer et al.37 was used for continuous FCM measurements.
Every 16min, a fresh sample was taken and stained. An optimized staining
protocol was used from Van Nevel et al.38 Bacteria were stained with 10 μL/
mL of SYBR Green I (SG, Invitrogen, 100x diluted in DMSO from stock) for
total cell counting. The samples were then incubated for 20min at 37 °C
inside the online robot to optimize the staining.
Data analysis. All data was extracted from the proprietary Accuri C6
CSampler software or FACSuite software in the flow cytometry standard
(FCS 3.0) format and subsequently imported into R v3.4.039 through the
functionality offered by the flowCore package v1.42.2.40 Data was first log
transformed and then normalized by dividing all values by the maximum
fluorescence intensity signal. No compensation was applied. Gating to
reduce the background was performed in R studio using the flowCore
Fig. 4 Online measurements of RO permeate. Flow cytometric Hill
number diversity D2 [A.U.] (a) and bacterial concentration [cells/mL]
of the RO permeate in function of time (b). Both parameters were
acquired with flow cytometry where the sampling, staining, and
incubation was fully automated. The conductivity [µS/cm] of the
water was monitored to assess water quality and membrane
integrity (c)
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package on both SG and SGPI stained samples. A 0.22 μm-filtered control
was used to determine the position of the background. Based on this, a
universal gate was constructed to remove as much background as
possible. Next, a single-step discretization (‘‘binning’’) and Gaussian
bivariate density estimation was performed on the selected parameters
(green and red fluorescence, FSC-H and SSC-H) using the KernSmooth
package v2.23.15.41 An equally spaced grid (binning grid) of 128 × 128 was
fixed for each bivariate density estimation using the flowFDA package v1.0.
All bivariate density estimations were concatenated to a one-dimensional
feature vector, which we refer to as the fingerprint. Subsequently,
phenotypic alpha diversity was calculated according to the publication
of Props et al.24 where Hill number diversity indices are applied to describe
the diversity of operational phenotypes within and between samples.
Data availability
Flow cytometry data is available on the open source Flow Repository
database.42 Following dataset ID’s can be used: FR-FCM-ZYGV (surface
water), FR-FCM-ZYZH (Ultrafiltration rack 2), FR-FCM-ZYH2 (Ultrafiltration
rack 3), and FR-FCM-ZYHB (Reverse osmosis). The flowFDA package v1.0
available at https://github.com/lievenclement/flowFDA.
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